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Previously, we found evidence that radial artery pressure 
wave forms in newborns represent central aortic wave forms, 
provided that pressure is measured with adequate accuracy. 
Therefore, we postulated that the neonatal radial artery wave 
form, like the adult aortic wave form, may contribute to cardio- 
vascular diagnosis. We investigated whether radial artery wave 
forms in infants suffering from patent ductus arteriosus (PDA) 
are different from the wave forms as seen without the presence of 
PDA. We studied 34 newborn infants with a radial artery line and 
with the possible clinical diagnosis of PDA with left-to-right 
shunt. On the basis of echocardiographic examination to assess 
PDA, these infants were divided in two groups: infants with PDA 
( n  = 24) and without PDA ( n  = 10). In 15 out of 24 infants with 
PDA, recordings were repeated after ductal closure. Blood pres- 
sure measurement was performed with a high fidelity catheter- 
manometer system using a tip-transducer (natural frequency 95 
Hz, damping coefficient 0.15). Contour analysis was performed 
by describing morphology of the waves during PDA and without 
PDA. In 23 out of 24 infants with PDA, a pulsus bisferiens was 

present: two peaks separated by a deep cleft. The average 
pressure difference between the first pressure peak and the cleft 
[AP,,,,,] was 0.35 -C 0.19 kPa, and the average difference 
between the cleft and the second pressure peak [AP,,,,,] was 
0.44 i. 0.23 kPa. The ratio of mean magnitude of AP,,,,, and 
AP,,,,, was 0.81 ? 0.26. None of the 10 infants without PDA 
showed pulsus bisferiens. In 13 out of 14 infants with pulsus 
bisferiens during PDA and studied again after ductal closure, this 
twin peaks contour had disappeared. Results strongly indicate 
that the presence of a bisferiens pressure pulse is a sign of PDA 
with hemodynamically significant left-to-right shunt. (Pediatr 
Res 37: 800-805, 1995) 

Abbreviations 
SAP, systolic arterial pressure 
DAP, diastolic arterial pressure 
MAP, mean arterial pressure 
PP, pulse pressure 
PDA, patent ductus arteriosus 

In adults, the arterial pressure wave form has been studied 
extensively, and it has long been recognized that the arterial 
pressure wave form may contribute to cardiovascular diagnosis 
(1-4). Regarding clinical application of the arterial pulse 
tracing, a thorough overview can be found in Tavel (5). In 
neonates, however, the importance of the pressure wave form 
has received far less attention. 

T o  obtain accurate pressure recordings in neonates, w e  
developed a technique for pressure measurement through radial 
artery catheters on the basis of a tip-manometer (6). With this 
technique, accurate measurement of blood pressure values and 
wave forms has become available in neonatal clinical practice. 
Previously, w e  described the radial artery pressure wave form 

in the critically ill newborn: w e  found evidence that radial 
artery wave forms in these newborns represent central ascend- 
ing aortic wave forms (7). A representative radial artery wave 
form of a newborn infant is shown in Figure 1. W e  postulate 
that the contour of the radial pressure wave in the newborn, 
like the central wave form in adults, may provide information 
regarding the cardiovascular state, such as  the presence of a 
PDA. Therefore, w e  investigated whether radial artery pressure 
wave forms in infants suffering from P D A  are different from 
pressure wave forms seen in those without shunting through a 
PDA. 

Although aortic and peripheral arterial flow wave form 
studies during P D A  in infants have been performed in the past 
(8-ll), accurately recorded radial artery pressure wave forms 
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Figure 1. Rzdial artery wave as usually seen in the newborn. A secondary 
systolic wave, i.e. the inflection point can be seen in the upstroke, a short and 
sharp incisura can be seen in the downstroke of the wave. 

METHODS 

Patients. Thirty-four newborn infants admitted for intensive 
care and meeting the following criteria were included: 1)  
requirement of radial artery cannulation for clinical purposes 
(frequent blood sampling and blood pressure monitoring) and 
2) the possible clinical diagnosis of ductal patency with left- 
to-right shunt. Infants suffering from cardiac anomalies or from 
ductal patency with right-to-left shunt or treated with vasoac- 
tive agents were excluded. Possible ductal patency was judged 
by the clinical staff, and echocardiography was performed to 
assess ductal patency. On basis of echocardiographic exami- 
nation the infants were assigned to two groups: infants with 
PDA (n = 24, referred to as group I,,,, gestational age 31.3 
2 3.9 wk, birth weight 1378 + 882 g), and infants without 
PDA (n = 10, referred to as group 11, gestational age 29.5 2 
4.6 wk, birth weight 1337 + 925 g). In group I,,, 15 out of 24 
infants suffered from idiopathic respiratory distress syndrome, 
three suffered from pneumonia, and four infants suffered from 
both. In group I1 diagnosis on admission was idiopathic respi- 
ratory distress syndrome in six and pneumonia in two out of 
10 infants. Other diagnoses were asphyxia and meconium 
aspiration. All infants were mechanically ventilated. Mean 
postnatal age of infants in group I was 2.0 + 0.8 d and in group 
I1 3.3 2 1.7 d. Immediately after echocardiography, arterial 
pressure recordings were made. In infants with PDA (group 
I,,,) treatment was given, and echocardiography was per- 
formed daily, until ductal closure was confirmed. After ductal 
closure, additional blood pressure recordings were obtained 
(n = 15, referred to as group I,,,,). Infants with PDA were 
excluded from further studies when a right-to-left shunt had 
developed, when vasoactive agents were used (apart from 
indomethacin), or when the arterial line was removed for 
clinical reasons due to reduced oxygen dependence or due to 
the presence of blood clots in the arterial line. 

The treatment regimen for infants with PDA was fluid 
restriction and/or indomethacin, unless contraindicated. The 
treatment scheme for indomethacin was an initial dose of 0.2 
mglkg i.v.; if unsuccessful, a second dose of 0.1 mglkg 24 h 

after the first dose and, if necessary, a third dose of 0.1 mg/kg 
48 h after the initial treatment. If treatment with indomethacin 
was still unsuccessful after the third dose or in cases of 
contraindications to indomethacin therapy, surgical closure 
was performed. Therapy for PDA was fluid restriction alone in 
three infants, fluid restriction with indomethacin treatment in 
11 infants, and surgical closure in one infant. Mean postnatal 
age at confirmation of ductal closure in the infants was 3.6 + 
1.3 d. 

The study was approved by the ethical committee of our 
hospital and parental informed consent was obtained. 

Materials and measurements. Blood pressure measurement 
recordings of 2 min were performed with a high fidelity 
catheter-manometer system, consisting of a side hole tip- 
transducer (MTC, Honeywell, Pleasantville, NY), a 24-gauge 
Teflon catheter (Neoflon, length 16 mm, Ohmeda, Hel- 
singborg, Sweden), and a transparent three-way stopcock 
(Ohmeda, Helsingborg, Sweden). The tip-transducer was con- 
nected by Luer-Lock to one end of the stopcock. Another end 
of this stopcock was connected to the catheter. The system was 
shown to have a uniform frequency response ( 2 3  dB) up to at 
least 50 Hz (natural frequency 95 Hz, damping coefficient 
0.15). Static accuracy of the system was tested against a 
column of mercury between 0 and 16.0 kPa. The system is 
shown in Figure 2, and a complete description of the tip- 
transducer system is found in Hack et al. (6). The remaining 
end of the three-way stopcock was connected to the clinically 
used fluid-filled manometer system for continuous flushing, for 
blood sampling, and for usual pressure monitoring as described 
previously (12). The high fidelity measurement system was 
connected to a physiologic monitor (Hewlett Packard 78834A, 
Andover, MA), which was modified to pass signals up to 30 Hz 
(75 Hz Bessel filter, 36 dB/octave). This pressure signal was 
digitized by a 12-bit A/D converter (Keithly DAS 16 Metra- 
byte, Taunton, MA) at a sample rate of 200 Hz and was stored 
on computer disk using a multichannel registration programme 
(CDAI, University Hospital Rotterdam, The Netherlands). An 
off-line analysis algorithm, written in the signal processing 
language POLY (Inspector Research Systems, Amsterdam, 
The Netherlands), was implemented on the computer, reducing 
the data to beat-to-beat values for systolic, diastolic and mean 
blood pressure. Care was taken to recognize and reject mea- 
surement artefacts. 

Echocardiography was performed with a Duplex scanner 
(Hewlett Packard 77020A) using a 5-MHz short focus probe. 
Ductal patency was established by direct imaging of the ductus 
with color flow, pulsed Doppler, or both. The ductus was 
regarded to be closed when ductal flow was absent. 

Data analysis. In each pressure recording, one representa- 
tive, stable wave was selected at random for contour analysis, 
i.e. a wave where the diastolic pressure at the beginning and 
end of the beat deviated less than 5%. A stable wave was 
selected to avoid a bias in the analysis due to differences 
between the begin and end diastolic value, which, among 
others, may be due to mechanical ventilation. 

Contour analysis was performed by describing morphology 
of the wave: peaks and incisuras in the wave were described in 
time (t) in milliseconds and pressure (P) in kPa as shown in 
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Figure 2. The high fidelity catheter-manometer system. A, catheter; B, transp 
connected to the fluid-filled routinely used catheter-manometer system. 

Figure 3, A and B. If two peaks during systole were present in 
the wave, the pressure differences between these peaks and the 
cleft were determined [AP,,,,, and AP,,,,,] (see Fig. 3A). If 
the magnitude of AP,,,,, in relation to AP,,,,, was more than 
0.4 and less than 1.6, the wave was designated as pulsus 
bisferiens. For comparison with morphometric data in pulsus 
bisferiens, contour analysis in group I1 and group IcLOs was 
also performed, for identification of the parameters determined 
in pulsus bisferiens (see Fig. 3B). P,,,,, in the normal waves 
was defined as the point in the upstroke of the wave where the 
derivative reached a minimum value (see Fig. 3B). 

In addition, the slope of the upstroke and the decay time (7, 

defining the rate of decay of the pressure in diastole) were 
calculated. It was assumed that pressure in diastole decays 
exponentially. The time constant of this decay is calculated as 
given in the "Appendix." 

Blood pressure values and the results of the contour analysis 
were compared between infants suffering from PDA in group I 
and infants without PDA in group I1 on one hand and with 
infants after ductal closure on the other hand, with the multi- 
variate Hotelling's T test, thereby controlling for multiple 
comparisons. In case of a significant Hotelling's T test (p < 
0.05), univariate analysis was performed to test the significance 
of the individual parameters (paired and unpaired t test). 

RESULTS 

SAP, DAP, MAP, and PP in infants of groups I,,,, IcLOs, 
and I1 are shown in Table 1. Differences in these parameters 
between the groups were not significant. 

With PDA, blood pressure wave forms in 23 out of 24 
infants were clearly different from those observed in the radial 
artery without PDA. With PDA, a pulsus bisferiens, two peaks 
clearly separated by a deep cleft, was present both during 
inspiration and during expiration of the patient. An example of 
the radial artery pressure wave form as found in 23 infants 

barent stopcock; C, tip-manometer connected to the monitor; D, extension tube 

suffering from PDA is shown in Figure 3A. In one out of 24 
infants there was no pulsus bisferiens during PDA. None of the 
10 infants without PDA (group 11) showed pulsus bisferiens; a 
typical wave form is presented in Figure 3B. 

Morphology of the wave during PDA can be described in 
detail using variables as shown in Figure 3A. A complete 
description of the pulsus bisferiens in the 23 infants is shown 
in Table 2. As can be seen, the mean pressure difference 
between the first pressure peak and the cleft [AP,,,,,] was 0.34 
2 0.19 kPa, the mean pressure difference between the cleft and 
the second pressure peak [AP,,,,,] was 0.44 t 0.23 kPa. 
AP,,,,, was always greater than 0.08 kPa and APpeak2 was 
always greater than 0.19 kPa. The mean pressure-difference 
between AP,,,,, and AP,,,,, was 0.09 2 0.13 kPa. The ratio of 
mean magnitude of AP,,,,, and AP,,,,, was 0.81 t 0.26. 

Follow-up until the ductus was closed was carried out in 14 
of these 23 infants with a pulsus bisferiens. (Nine infants were 
not considered for follow-up because of treatment with vaso- 
active agents or due to arterial line removal.) After ductal 
closure, pulsus bisferiens in the radial artery pressure wave had 
disappeared in 13 out of 14 infants. Further studies of the 
single infant still showing pulsus bisferiens after ductal closure 
could not be performed. 

For comparison with the morphometric data in pulsus bis- 
feriens, contour analysis in group I1 and group ICLOs was 
performed, for identification of the parameters determined (see 
Fig. 3B). 

Results of the contour analysis in group I1 and the differ- 
ences between the waves during PDA (group I,,J and without 
PDA (group 11) are shown in Table 2. Hotelling's T test 
showed a significant difference between the contour profiles of 
group IpDA and group 11. As can be seen, there was no 
significant difference between timing of the first peak (t,) in 
group I,,, and in group 11, but the second peak (t,) during 
PDA appeared significantly later (on the average 2% of the 
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Table 2. Morphologic data of radial artery pressure wave forms in 

time [ms] 

time [ms] 

Figure 3. A, Radial artery wave form showing pulsus bisferiens during PDA, 
illustrating parameters for describing morphology of the wave. AP,,,,, = 

pressure of peak 1 in relation to the cleft, AP,,,,, = pressure of peak 2 in 
relation to the cleft, PP, = PP between P,,,,, and diastole, PP, = PP between 
P,,,,, and diastole, t, = time at peak 1, t, = time at peak 2, ET = ejection 
time, T = heart period. B, Radial artery wave form without the presence of 
PDA, illustrating parameters for describing morphology of the wave. t, = time 
at peak 1, t, = time at the systolic peak, PP, = pressure difference between 
P,,,,, and diastole, PP, = PP between P ,,,,, and diastole, ET = ejection time, 
T = heart period. 

Table 1. Blood pressure data in infants of group I,,, group ICLos 
and group II 

Pressure Group I,,, Group IcLOs Group I1 
@Pa) (n = 24) (n = 15) (n = 10) 

SAP 6.82 (0.90) 7.21 (0.92) 7.28 (0.90) NS" 
DAP 4.08 (0.82) 4.31 (0.82) 4.34 (0.85) NS 
MAP 5.41 (0.82) 5.72 (0.89) 5.69 (0.84) NS 
PP 2.67 (0.48) 2.83 (0.41) 2.93 (0.48) NS 

Values are mean and SD. 
" NS, differences between the groups were not significant. 

heart period, which equals 8 ms) than t, in the wave forms in 
group 11. The PP of the first peak (PP,) during PDA was 0.43 
kPa larger than the PP, in the wave forms without the presence 
of PDA and PP of the second peak (PP,) during PDA was 0.41 
kPa smaller than PP, in control wave forms. In addition, 
contour analysis revealed that ejection time (ET) in relation to 
the heart period (T) was 4% of the heart period longer (16 ms) 
in group I,,, as compared with group 11. 

infants with PDA (group I,,,), showing pulsus bisferiens and in 
infants without PDA ( ~ r o u p  II) 

Group I1 
(n = 10) 

424 (50) 
0.10 (0.02) 
0.26 (0.03)" 
2.06 (0.53)" 
3.04 (0.44)" 

Values are mean and SD. For abbreviations, see Figure 3, A and B. 7 = rate 
of decay of pressure during diastole. 

"Significant difference between values for group I,,, and group 11: p < 
0.05 with a Hotelling's T test: p < 0.05. 

Results of comparison between radial artery waves during 
PDA (group I,,J and pressure waves in the same infants after 
ductal closure (group ICLos) are shown in Table 3. Hotelling's 
T test showed a significant difference between the contour 
profiles of group I,,, and group IcLOs. None of the pressure 
waves were classified as pulsus bisferiens, although three 
infants showed a small pressure decrease after the Ppe,,,: as the 
ratio APpeakl/APpeak2 of the waves of these three infants was 
0.22 (2 0.12), the waves were not designated as pulsus bisfe- 
riens. As can be seen, no difference was found between PP, 
during PDA and PP, after ductal closure. The PP, during PDA 
was 0.45 kPa smaller than PP, after ductal closure. 

DISCUSSION 

During PDA with left-to-right shunt radial artery pressure 
wave forms in 23 of 24 infants were different from those 
normally observed: two peaks clearly separated by a deep cleft 
or pulsus bisferiens were present in systole. None of the 10 
infants without a shunt through the ductus showed a pulsus 
bisferiens in the radial artery wave. In 13 of 14 infants with 

Table 3. Morphologic data of radial artery pressure wave forms in 
infants with pulsus bisferiens during PDA (group I,,,) and without 

pulsus bisferiens after ductal closure (group I,,,,) 

Group IPDA Group ICLOS 
(n = 13) (n = 13) 

T (ms) 427 (39) 432 (45) 
t ,R  0.12 (0.02) 0.12 (0.02) 
t2F  0.28 (0.03) 0.27 (0.03) 

PPI @Pal 2.47 (0.51) 2.49 (0.48) 
PP, (kPa) 2.59 (0.43) 3.03 (0.45)" 

AP,e,k, (kPa) 0.32 (0.13) 

AP,eak2 (kPa) 0.44 (0.22) 

APpeaklIAPpeak2 0.80 (0.30) 
ETiT 0.50 (0.04) 0.46 (0.05) 
7 (ms) 748 (215) 745 (148) 

Values are mean and SD. For abbreviations, see Figure 3, A and B. T = rate 
of decay of pressure during diastole. 

" Significant difference between values for group I,,, and group IcLos: p < 
0.005 with a Hotelling's T test: p < 0.05. 
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pulsus bisferiens during PDA and studied again after ductal 
closure, pulsus bisferiens had disappeared after ductal closure. 

The suitability of pressure wave form analysis to diagnose 
PDA correctly can be assessed by the parameters sensitivity 
and specificity. In this study, the sensitivity, which is the 
proportion of true positives that are correctly identified as such 
is 23/24 = 0.96 and the specificity, which is the proportion of 
true negatives correctly identified as such is 10/10 = 1. There- 
fore, the results of this study strongly suggest that pulsus 
bisferiens during systole in the radial artery wave is a sign of 
PDA with left-to-right shunting. Regarding the above men- 
tioned specificity of the pulsus bisferiens in this study, it is 
important to realize that only infants with PDA entered the 
study and that infants with cardiovascular anomalies were 
excluded: it may be possible that pulsus bisferiens also occurs 
in other cardiovascular abnormalities. 

As shown in Tables 2 and 3, the moment of appearance of 
the first peak (t,) in pulsus bisferiens was not different from 
that in normal wave forms. The moment of appearance of the 
second peak (t,) in group I,,, was at the same time as the 
normal peak in groups ICLos, but 2% of the heart period (which 
equals 8 ms) later compared with the infants' waves in group 
11. As significant differences were found between PP values at 
comparative points of time in the waves, the main reason for 
appearance of pulsus bisferiens seemed to be the changed ratio 
of magnitudes of PP, and PP, in the normal and bisferiens 
wave forms. A delay in appearance of the second peak may 
generate a double peak contour. As can be seen from Tables 2 
and 3, differences between the waves are limited to systole: no 
significant difference in the decay time in diastole was found 
between infants with and without PDA. 

SAP, DAP, and MAP were not significantly lower in infants 
with PDA (group I,,d than in infants without PDA (group 11) 
and were not increased after ductal closure. No significant 
changes in PP were found. Classical signs of PDA as full pulses, 
widened PP, a high parasternal systolic murmur, and low M A P  
are criteria for PDA in older infants and children (13). Several 
studies focusing on blood pressure and PP during PDA in preterm 
infants during the first days of life have been reported. Evans and 
Moorcraft (14) found that both SAP, DAP and MAP were not 
lower in infants weighing 1000-1500 g with PDA compared with 
infants without PDA. Differences in SAP, DAP, and MAP were 
found in infants weighing less than 1000 g with PDA compared 
with infants without PDA (14, 15). An absence of differences in 
PP in preterm infants with and without PDA in the first postnatal 
week has been reported (14, 15). Recently, blood pressure after 
indomethacin treatment for PDA was found to increase steadily 
during the first 3 d after treatment (16). Regarding the study 
population and the time points of our measurements, our obser- 
vations are in agreement with these results. 

The results of our study strongly indicate that the presence of a 
bisferiens pressure pulse is a sign of PDA. These findings are in 
accordance with a few single cases which have been reported 
regarding observations of bisferiens pressure pulses in the aorta or 
carotid artery in PDA (17-19). Whereas these examples of bisfe- 
riens pulses during PDA are observed in the aorta or carotid 
artery, we demonstrated in this study the presence of twin peaks 
in the radial artery wave. Inasmuch as we suppose that radial 

artery wave forms represent central aortic wave forms in the 
newborn (7), we assume that we are allowed to compare our radial 
artery findings to central recordings in other studies. 

Pulsus bisferiens is derived from bis-ferio, which means 
twice-beating. The earliest reference in print to the pulsus 
bisferiens is in a Latin edition of Galen's De Pulsibus, pub- 
lished in Paris in 1532. Galen stated that the pulsus bisferiens 
is characterized by quies media ictus-a central pause in the 
stroke. Only after the invention of the sphygmograph in 1860 
did more accurate information regarding the wave form be- 
come available. Since the end of the 19th century pulsus 
bisferiens has been observed and reported by several authors. 
The bisferiens pulse has been reported in cases of aortic 
regurgitation (20-23) and in cases of aortic regurgitation after 
valvotomy (17). According to Hancock and Abelmann (22), 
the two peaks may also be prominent enough to produce a 
bisferiens pulse in anemia and hyperthyroidism. Furthermore, 
bisferiens pressure pulse is known to exist in hypertrophic 
obstructive cardiomyopathy (24-26). Bramwell (27) reported 
that any condition causing a high PP and a low DAP tended to 
produce a pulse resembling that of aortic incompetence. 

It is poorly understood which factors are responsible for the 
character of a bisferiens pulse, but several hypotheses may be 
suggested. As shown in Tables 2 and 3, the timing of t, in the 
normal wave is not different from the moment of appearance oft, 
in pulsus bisferiens. During PDA, Pp,,,, may be increased with 
respect to control (Table 2) due to an increase in stroke volume. 
However, due to the run-off through the ductus in PDA, this 
pressure decreases rapidly. The reflected wave from the periphery 
then may produce an increase in pressure again, resulting in the 
second peak of the typical wave. Each delay in the return of the 
reflected wave may generate a twin peaks contour. 

Another explanation of the phenomenon is the following. 
Possibly, the double peaked pressure contour can be explained 
on the basis of fluid dynamics. An increase in stroke volume 
during PDA (28-35) may result in an increase in blood veloc- 
ity. High blood velocity may create a Venturi effect (suction 
effect) such that pressure energy is reduced relative to the 
pressure that would be registered if the blood had no kinetic 
energy, resulting in a temporary pressure decrease coincident 
with maximum flow. Such an explanation has been advanced 
by several authors regarding explanation of the pulsus bisfe- 
riens in adults (3, 17, 36). Sabbah et al. (37) and Stein et al. 
(38) suggested a mechanism based on this fluid dynamic theory 
with implication of turbulent blood flow. This hypothesis 
requires that the peak systolic flow velocity occurs at the same 
time as the cleft between the two peaks. Additional investiga- 
tions are needed to support or reject this hypothesis. 

To support or reject the above mentioned hypotheses, cor- 
relation of pressure with data on stroke volume and aortic flow 
velocity including acceleration time and peak systolic velocity 
are needed. Another important topic for future research in this 
field is the influence of mechanical ventilation on the blood 
pressure wave form. In our study, we were not able to record 
parameters of the ventilation. Our blood pressure recordings 
showed that a pulsus bisferiens was present in wave forms both 
during inspiration and during expiration. Small fluctuations in 
SAP, DAP, and MAP were seen in the blood pressure record- 
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ings, which were thought to be due to ventilation. Independent 
on ventilation, the wave forms for analysis in our study were 
selected at random on the condition that the diastolic value of 
the beginning of the wave form did not deviate more than 5% 
from the end diastolic value. As the influence of ventilation on 
blood pressure wave forms is rather complex, further studies 
are needed to describe this influence in detail. 

In conclusion, we found that pulsus bisferiens in the radial 
artery wave of the newborn may be a sign of a hemodynami- 
cally significant left-to-right shunt. Therefore, clinicians in- 
volved in the care of critically ill newborn infants should be 
aware of this phenomenon. We recommend to assess ductal 
patency by echocardiographic examination when a pulsus bis- 
feriens appears in the radial artery wave. Additional investiga- 
tions are needed to find out which factors are responsible for 
the character of the bisferiens pulse. 
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APPENDIX 
Diastolic decay time of the wave (7) was estimated as 

follows. Time and pressure of aortic valve closure (tc,pc) 
and of diastole (td,pd) in the downstroke of the wave were 
determined. 

To find decay time pc and pd can be expressed in an 
exponential function using the following equations: 

and 
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